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Design of Microheaters 
The mechanisms of heat dissipation from the microheater to the surrounding are thermal 
conduction, convection and radiation. Considering the microscale size of the heater and the 
operating temperature range (25 - 300 °C), thermal conduction (q = 𝐴𝐴 ∙ k (𝑇𝑇ℎ𝑜𝑜𝑜𝑜−𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)
𝐿𝐿
; A = surface 
area(~10-12 m2); k = thermal conductivity(~10-2-101 W∙m-1∙K-1 for air or metal); L = distance(~10-
6 m); Thot = temperature of heated spot; Tamb = ambient temperature(25 °C = 298 K)) has an order 
of approximately 10-6-10-3 W. On the other hand, convection (q = 𝐴𝐴 ∙ h(𝑇𝑇ℎ𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎); h = 2 - 25 
W∙m-2∙K for free convection of air) has an order of 10-10-10-9 W and radiation (q = 𝐴𝐴 ∙ 𝜀𝜀𝜎𝜎(𝑇𝑇ℎ𝑜𝑜𝑜𝑜4 −
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎
4 ); 0 ≤ 𝜀𝜀(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) ≤ 1;  𝜎𝜎 = 5.67Ⅹ10-8 W∙m-2∙K-4 (Stefan-Boltzmann constant)) has an 
order of 10-13 W. Therefore, the influence of convection and radiation in the dissipated heat of the 
microheater is negligible, so that only thermal conduction through the air and the beam was 
considered. 
In order to minimize the heating power, the geometry of the microheater was optimized. Heat 
loss through the beam (qbeam) and the air (qair) can be estimated as 
 
𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑡𝑡(𝑤𝑤, 𝑒𝑒, 𝐿𝐿) = 𝑞𝑞𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎 + 𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎
= 8𝑘𝑘𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑤𝑤𝑒𝑒∆𝑇𝑇
𝐿𝐿
+ 4𝜋𝜋𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 � 4∆𝑇𝑇𝐿𝐿2 �𝑥𝑥2 − 𝐿𝐿24 � − 𝑇𝑇𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎ln �𝑤𝑤2� − ln��𝐿𝐿24 − 𝑥𝑥2�𝑑𝑑𝑥𝑥
𝐿𝐿
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(1) 
 
where kbeam(= 71.6 W∙m-1∙K-1) and kair(= 0.0356 W∙m-1∙K-1) are the thermal conductivity of 
heater material (Pt) and air (heat conduction through SiO2 layer is negligible due to its low 
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conductivity (kSiO2 = 1.1 W∙m-1∙K-1); L, w and t are length, width, and thickness of the beam, 
respectively; ΔT is the temperature difference between the center of the beam and bulk Si substrate, 
and Troom is the room temperature (25 °C). The temperature profile of the beam was assumed as a 
2nd order polynomial, and only the conductive heat transfer was considered. In other words, heat 
transfer through radiation and convection were ignored. Considering the resolution of 
photolithography process, the width of the beam (w) was fixed to 3 μm. Also, the thickness of the 
beam was fixed at 200 nm to provide enough mechanical strength. As shown in Figure S1, qtotal 
was plotted with respect to the length of the beam (L). The second part of equation was solved by 
using the function of numerical integration in a MATLAB R2014 software. As a result, the 
optimum length of the beam was calculated as 110 μm. 
 
 
Figure S1 Total conductive heat loss through boundary of the beam for different widths and 
lengths of the beam (w = 3, 5, 10 and 20 μm). 
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Mechanism of Liquid Phase Deposition of SnO2 
 
LPD is based on the following equivalent reactions.1-2 
 SnF2 + 4HF + H2O2  [SnF6]2- + 2H3+O (2) 
 [SnF6]2-+nH2O ↔ [SnF6-n(OH)n]2- + nHF (3) 
 [SnF6-n(OH)n]2- + (6-n)H2O ↔ [Sn(OH)6]2- + (6-n)HF (4) 
 [Sn(OH)6]2- + 2H+  SnO2 + 4H2O (5) 
 
In this series of reactions, H2O2 acts as an oxidant reagent of SnF2 to form a stable Sn (IV)-
fluorine complex. HF is also added to control the shape of the film by controlling the Sn-F ratio. 
H3BO3 is a HF scavenger that removes HF by the following reaction. 
 H3BO3 + 4HF BF4- + H3O+ + 2H2O (HF scavenger) (6) 
 
At the same time, due to the presence of H+, the following reaction spontaneously occurs. 
 ZnO + 2H+  Zn2+ + H2O (ZnO etching) (7) 
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Temperature – power relationship 
In order to verify the heating performance of the fabricated microheater, we measured the 
resistance change of the heater material (Pt) due to the temperature change. Figure S2a shows the 
resistance change of the microheater by the Joule heating. Also, Figure S2b also shows that the 
resistance change of the microheater when the entire sensor chip is heated using temperature-
controlled hot plate. In this case, since the entire chip was heated, not only the heating part of the 
heater but also the electrode part for the electrical contact was heated. For the correction, the ratio 
of the electrical resistance between the electrode part (i.e. interconnection + contact pad) and the 
heating part (i.e. microheater) was calculated by the numerical simulation (COMSOL 
Multiphysics®) and the resistance of the electrode portion was subtracted from the measured 
electrical resistance (Figure S2c). Comparing two graphs in Figure S2a-b, the heater resistance 
rises from 40.6 Ω to 50 Ω when the heater is heated with a power of 6 mW (the corresponding 
temperature is about 270 °C). From Figure S2a, the relationships of resistance-heating power and 
resistance-temperature could be linearly approximated as follows: 
 𝑅𝑅𝑒𝑒𝑅𝑅𝑒𝑒𝑅𝑅𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒(Ω)  =  1.55 × 𝑃𝑃𝑃𝑃𝑤𝑤𝑒𝑒𝑃𝑃(𝑒𝑒𝑚𝑚) + 40.6 (8) 
 𝑅𝑅𝑒𝑒𝑅𝑅𝑒𝑒𝑅𝑅𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑒𝑒(Ω) =  0.038 × 𝑀𝑀𝑅𝑅𝑥𝑥.𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑒𝑒𝑃𝑃𝑅𝑅𝑒𝑒𝑇𝑇𝑃𝑃𝑒𝑒(℃) + 40.0 (9) 
 
From the equations (8) and (9), the temperature-heating power relationship is obtained as follows: 
 𝑀𝑀𝑅𝑅𝑥𝑥.𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑒𝑒𝑃𝑃𝑅𝑅𝑒𝑒𝑇𝑇𝑃𝑃𝑒𝑒(℃) = 40.9 × 𝑃𝑃𝑃𝑃𝑤𝑤𝑒𝑒𝑃𝑃(𝑒𝑒𝑚𝑚) + 15.2 (10) 
 
From equation (10), it can be seen that the temperature rises about 41°C per 1 mW heating power. 
Figure S3 shows the temperature distribution around the Joule-heated microheater in the air 
atmosphere. The temperature is maximum at the center of the beam and decreases towards the 
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outside of the beam. Therefore, the gas detection is dominated by the sensing materials located on 
the central part of the beam. This is because the reaction of target gases and sensing materials are 
active at high temperatures. 
 
 
Figure S2 Temperature estimation of microheaters: (a) Changes of heater resistance with respect 
to Joule heating power; (b) Changes of heater resistance induced by external heating with 
temperature-controlled hot plate; All data were compensated by subtracting the resistance of heater 
pad and interconnection (R1 and R2 shown in (c)) from the total resistance. 
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Figure S3 (a) Temperature distribution around the Joule-heated microheater in room temperature 
air environment by numerical simulation (top and side views); Temperature profile along (b) x-
direction, (c) y-direction, and (d) z-direction. 
 
  
50μm
50μm
[Top view]
[Side view]
Air
Air
y
x
z
x
-75 -50 -25 0 25 50 75
0
50
100
150
200
250
300
350
Te
m
pe
ra
tu
re
(ºC
)
x(µm)
-10 -8 -6 -4 -2 0 2 4 6 8 10
200
250
300
350
Te
m
pe
ra
tu
re
(ºC
)
y(µm)
0 50 100 150 200 250 300 350
-30
-20
-10
0
10
20
30
z(
µm
)
Temperature(ºC)
Beam length
Beam width
Beam thickness
x-direction
y-direction
z-direction
a. b.
c.
d.
Bulk Si
PtPt
SiO2
SiO2
 S-8 
TEM Analysis of ZnO Nanowires, SnO2 Nanotubes and SnO2-ZnO Hybrid Nanostructure 
 
 
Figure S4 TEM images of (a) ZnO NWs, (b) SnO2 NTs and (c) SnO2-ZnO hybrid nanostructure. 
(d-f) HAADF-STEM-EDS elemental mapping images of SnO2-ZnO hybrid nanostructure ((d) Zn, 
(e) Sn and (f) overlap image). 
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Mechanical Reliability Test of the Fabricated Microheater 
 
 
Figure S5 Long term stability test of the microheater for 1 week. Appied DC power for Joule-
heating is 5 mW. 
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Gas Selectivity Test 
 
 
Figure S6 Sensitivity of SnO2 NTs to 1 ppm nitrogen dioxide, hydrogen sulfide, carbon monoxide, 
toluene and ammonia. 
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Gas Testing Setup 
The gas testing setup consists of pure air, H2S balanced with air (initial concentration = 200 
ppm), mass flow controllers (ATOVAC, Korea), a stainless gas chamber to mount a sensor device, 
a source meter (SMU 2400, Keithley, USA) and a DC power supply (E3652A, Agilent, USA). 
Solid and dashed lines in Figure S7 represent air flows and wires for electrical signals, respectively. 
The applied voltage by the source meter to measure the resistance of sensing materials was 3 V. 
 
 
Figure S7 Setup for the gas sensing test of the fabricated sensor devices 
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